Since 2010, the porcine epidemic diarrhea coronavirus (PEDV) has caused significant damage to the global pork industry. However, classical PEDV vaccine strains only provide limited protection against emerging strains. In this study, we successfully isolated and attenuated the PEDV epidemic strain Zhejiang08, which was characterized by good cell adaptation and high-titer production 48 h post infection in Vero E6 cells. The attenuated virus induced a high level of virus-specific neutralizing antibodies until 120 days after immunization in piglets and provided complete protection when challenged with an emerging virus strain on day 14 post immunization. Moreover, the capability to activate dendritic cells (DCs) of this isolate was identified. Higher expression levels of IL-12 and IFN-c were recorded in DCs after treatment with Zhejiang08 for 24 h. Furthermore, genome sequencing and phylogenetic analysis revealed high homology between the main antigen epitopes of Zhejiang08 and PEDV pandemic isolates following 2011. Combining the glycosylation site prediction results and their distribution within the spatial structure of the S protein, led to the conclusion that the observed more effective host immune response of Zhejiang08 compared to CV777 was possibly associated with a lack of the potential glycosylation site in the 296 amino acids of the S protein. In summary, we illustrated that the attenuated virus represents a promising vaccine candidate.
Introduction
Porcine epidemic diarrhea (PED) is an acute viral enteric disease, characterized by severe villus atrophy, vomiting, and watery diarrhea, and was first reported in the UK in 1971 [1] . Recently, a new wave of PED virus infections has emerged worldwide since the end of 2010, which is characterized by comparatively high mortality rates among suckling piglets, causing significant economic losses to the swine industry (deaths of more than 10% of the US swine population) [2, 3] .
Various approaches have been utilized to control disease outbreaks. Many classical PEDV live vaccines, including CV777, Japan 83P-5, and Korea DR13 strains (all without pathogenicity), induced robust immune responses in sows and succeeded to control classical PEDV infections in pig farms for three decades [4] [5] [6] . CV777 for example was isolated from pigs during a PED outbreak in Belgium in 1976 and the attenuated vaccine strain was prepared via serial passaging of the strain in cell cultures. This strain has been widely used in Asian countries, where it provided effective immunological protection in herds for almost two decades [7, 8] . However, these traditional attenuated PEDV vaccines typically displayed lower serum antibody titers against emerging PEDV strains after 2011, suggesting that classical PEDV vaccine strains may only provide partial cross-protection against highly virulent strains. The low immune protective efficiency was attributed to the remarkable antigenic variation of structure proteins and major antigen sites between classical and emerging PEDV isolates [2, 8] .
Viruses can co-opt host cellular biosynthetic pathways to modify the proteins that are present on their surface. Several viruses have been reported to utilize the cellular glycosylation pathway during both host cell invasion and immune evasion, including influenza, HIV, hepatitis, and the West Nile virus [9] [10] [11] [12] . The S protein of PEDV is one of the most glycosylated proteins in nature, and many of the glycosylation sites feature high mannose composition. During viral evolution, sites are easily added or deleted and the resulting potential modification diversity increases the complexity of viral glycoproteins [13] .
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DCs are widely distributed beneath both mucosal surfaces and dermal layers, which are the most powerful antigen-presenting cells within the intestine mucosal immune system [14] . DCmediated modulation of immune responses is highly dependent on the maturation status of DCs after encountering an exogenous microorganism [15] . Therefore, the capacity of the vaccine to stimulate the maturation of DCs and induce T-cell responses has also been an important criterion for vaccine evaluation [16] .
Our research evaluated the potential of vaccination with one PEDV attenuated virus. Combining the sequence character and DCs stimulation ability of this isolate, we further explored the mechanism that accounts for the high immune protective efficiency of this isolate.
Method and materials

Reagents and cell lines
Fluorescent-labeled anti-pig PE-SWC3a, FITC-SWC3a, FITCCD1a, and the respective isotype and fluorochrome-matched control antibodies mouse IgG1 (SWC3a) and mouse IgG2a (CD1a) were purchased from Abcam (China). FITC-MHCII, PE-CD86, and their isotypes control mouse FITC-IgG1 and PE-IgG2b were purchased from LifeSpan BioSciences (USA) and eBioscience (USA), respectively. The anti-PEDV spike protein monoclonal antibody was purchased from Median Diagnostics (South Korea). Vero E6 cells (ATCC CRL-1586) were provided by the Veterinary Medicine Research Centre of the Da Bei Nong Group.
Zhejiang08 isolation and cell attenuation
Intestinal and fecal samples were collected from piglets, the displayed clinical features associated with PED. Virus isolation was conducted according to a previously described protocol [17] . After the 105th adapted cell passage, one PEDV strain was successful isolated, which was proven to be free of pathogenicity and thus considered safe for use in neonatal pigs by the Veterinary Medicine Research Centre of the Da Bei Nong Group.
Biological and growth characteristics of the isolated Zhejiang08 PEDV strain
After infection of Vero E6 cells, the one-step growth curve of the Zhejing08 strain was confirmed via RT-PCR (Table S1 ), plaque assays, and an indirect immunofluorescence assay (IFA) subsequent to infection.
Sequence analysis of the Zhejiang08 PEDV strain
Based on the CV777 PEDV strain sequence (GenBank: AF353511.1), primers (see Table S2 ) were designed for the amplification of the Zhejaing08 genome. The 5 0 and 3 0 ends of the Zhejiang08 genome were further validated, using a 3 0 and 5 0 -Full RACE Core Set with PrimeScript (Clontech, Japan). Phylogenetic trees were constructed with the computer program MEGA version 5.0, utilizing the neighbor-joining method. Reference strains used for phylogenetic analysis are listed in Table S3 . Potential Nglycan glycosylation sites of the Zhejiang08 spike protein were predicted via NetNGlyc servers (www.cbs.dtu.dk/services/ NetNGlyc).
2.5. Spike protein crystal structure analysis and distribution of predicted glycosylation sites of PEDV CV7777, Zhejiang08, and AH2012
The crystal structure of the coronavirus spike protein was applied to the homology model of CV777, Zhejiang08, and AH2012 S protein sequences using the SWISS-MODEL workspace [18] . Based on the previously predicted results of the N-terminal glycosylation sites, we highlighted amino acid sequences of differential glycosylation sites of three strains (Fig. 1, surface) . Informed by the biosynthetic pathway for the generation of N-linked glycosylation and the potential size of glycan structures [13] , additional n-glycosylation sites were utilized as the centre of a circle with a radius of 1 nm (Fig. 1 , amino acid areas have been marked that have potentially been covered by n-glycosylation sites).
2.6.
Immune protective efficiency analysis of the Zhejiang08 strain 2.6.1. Design of animal experiments A total of 30 caesarian-derived and colostrum-deprived 3-dayold piglets (large white) were chosen and serologically confirmed to be negative for PEDV and TGEV antibodies via indirect ELISA. All piglets were randomly assigned to three groups (Control, CV777, and Zhejiang08), were artificially fed with milk, and housed in three separate rooms. Three groups were intramuscularly immunized with 1 mL of CV777 (10 5 .0 TCID50/mL), 1 mL of Zhejiang08 (10 5.0 TCID50/mL), and the same volume of saline, respectively, all of which were emulsified with complete Freund's adjuvant. Subsequent to immunization, sera samples from piglets of the three different groups were collected at 7 d until 150 d after immunization to explore whether piglets generated PEDV neutralizing antibodies as previously described [19] . On the 14th day after immunization, 18 piglets were chosen, and assigned to groups with six piglets per group. These piglets were divided according to their original group, and each group was housed in a separate room. Then, the piglets of all groups were orally challenged with 1 ml 10 3 MID/ml of PEDV fourth-generation tissue virulent virus (intestinal tissue from virulent PEDV infected piglets). All animal experiments were approved by the Institutional Animal Care and Use Committee of the Nanjing Agricultural University (Nanjing, China), following the guidelines of the National Institute of Health.
Clinical assessment
Following the challenge, infected piglets were examined for clinical symptoms once per day. In addition, the feces of all piglets were subjectively scored for fecal consistency using the following criteria: (À) normal, (+) semi-liquid without formed consistency, and (++) watery/liquid contents. Fecal scores were recorded daily for six days after the viral challenge.
PEDV fecal shedding analysis
Prior to inoculation, fecal swabs were collected daily and from all piglets. In brief, viral RNA was extracted out of 50 ll of supernatants following centrifugation of the fecal suspensions (2000g for 30 min at 4°C), using the Ambion1 MagMAXTM viral RNA isolation kit (Life Technologies, Carlsbad, CA) and the KingFisher1 96 magnetic particle processor (Thermo-Fisher Scientific, Waltham, CA) using recommended protocols of the respective manufacturers. Primers and probe were designed according to a previously published method [20] .
Necropsy and histopathological examination
Following the challenge, infected piglets were examined daily for symptoms of diarrhea. During this examination period, two piglets from the PBS and CV777 treatment groups that had developed diarrhea on day three were euthanized for a pathological examination on DPI (day post-inoculation) 5. Moreover, two piglets from the Zhejiang08 treatment group (where no piglets developed diarrhea) were randomly selected for comparison. At necropsy, both intestine and other major organs were examined. The jejunum samples (three samples were taken at 40-60 cm intervals) were placed in 4% paraformaldehyde, dehydrated in graded alcohol, embedded in paraffin, and directly cut to 5 lm sections onto microscope slides; four micron sections were cut and stained with hematoxylin and eosin (H&E). The formalin-fixed, paraffinembedded tissues were prepared and tested via immunofluorescence (IFA) for the detection of PEDV antigens.
DC generation
Swine DCs were obtained from bone marrow of piglet femurs according to methods that had been optimized by our laboratory and have previously been published [21] .
Uptake, phenotype, and cytokines assays
DCs were inoculated with both Zhejiang08 and CV777 at a multiplicity of infection (MOI) of 1 for 1 h at 37°C under 5% CO 2 . Then the DCs were washed with PBS (pH7.2 at 4°C) three times to remove unbound virus and maintained in maintenance medium (RPIM1640 supplemented with 2% FBS) at 37°C. Following culture for 6 h, DCs were stained with anti-S monoclonal antibodies via FACS to investigate virus uptake. Alternatively, DCs were stained after 24 h with various phenotype fluorescent mAbs or isotypes and then investigated via FACS. Furthermore, the transcription levels of IL-12, IFN-c, and IL-10 were determined via quantitative RT-qPCR analysis, utilizing a StepOnePlus (ABI) instrument (Life Technologies) (see Table S1 ).
Mixed lymphocyte reaction
The functional activity of DCs was reflected in a primary allogeneic mixed lymphocyte reaction assay. T-cells were separated from the MLN of allogeneic piglets, using a T-cell isolation kit (Miltenyi, Bergisch Gladbach, Germany) and then labeled with carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen). Subsequently, T-lymphocytes (5 Â 10 5 cell/well) were co-cultured with DCs that had been treated with CV777 (MOI, 1), Zhejiang08 (MOI, 1), LPS (100 ug/ml/well), or Mock-DCs at ratios of 1:1 and 1:5 (DCs: lymphocytes). Co-cultures were incubated at 37°C in 5% CO 2 for 5 d. After five days of culture, cell proliferation was measured via FACS.
Statistical analysis
Results are expressed as means ± SD. Analysis of variance (ANOVA) or Student's t test were employed to determine statistical differences.
Results
Biological and growth characteristics of the Zhejiang08 PEDV strain
The Zhejiang08 strain can induce an apparent and classical cytopathic effect (CPE) in Vero E6 cells, including cell fusion and multinucleated giant cell formation after 24 h of infection. The immunofluorescence of the S protein was readily visible 2 h after Zhejing08 infection. Initially, these were distributed in the plasma membrane, followed by distribution in the cytoplasm and a quick increase from 12 to 48 hpi. The fluorescence intensity was proportional to the virus inoculation dose (Fig. 2A) . Growth-kinetic studies showed that Zhejiang08 replicated rapidly and efficiently in Vero E6 cells with an almost logarithmic growth form from 6 h to 48 h, reaching a maximum titer of 10 6.8 PFU/ml by 48 hpi (Fig. 2B and C) .
Sequence analysis of Zhejiang08
The complete genome of the strain Zhejiang08 had a length of 27,952 nucleotides (nt), excluding the poly (A) tail. The genomic organization of Zhejiang08 was similar to other reported PEDVs with a characteristic gene order. The nt and aa sequence identities of different regions within the Zhejiang08 genome were compared to further 40 PEDV strains (Table S3) .
The nucleotide sequence of the S gene of the Zhejiang08 strain was 4149 nt in length, encoding a predicted protein that contained 1382 amino acids (aa). It displayed 92-99.9% aa identity with reference isolates and was most similar to the isolates SD-M-2012, AH-M-2011, SC1402-2014, and SQ2014 (99.6-99%) (Table S3) . Phylogenetic analyses based on the S nucleotide and S aa revealed that Zhejiang08 belonged to group IIc, which also contained 12 Chinese domestic pandemic and cell adaption strains that had been reported since 2011 (Fig. 3A and B) . However, further analysis of the COE sequence of all selected strains showed that Zhejiang08 clustered in group Ia, sharing 95.9-100% sequence homology with most of the strains that have been isolated worldwide since the 2011 PEDV pandemic (Fig. 3C) . In addition, deduced aa sequences from partial S gene analysis showed that there was no aa change in the known neutralizing epitopes aa 748-755 and 1368-1374 and merely two aa substitutions (S764L and S766D) in neutralizing epitopes aa 764-771 between the strains, regardless of their location in the phylogenetic tree ( Fig. S1 A and B) . The accessory gene ORF3 was located between the structural genes for S and E, which has been suggested to be a cell marker of PEDV adaptation and attenuation [20, 21] . Zhejiang08, HLJBY, SD-M, and SM98 shared a deletion of 49 nt from nt 245 to 295, causing a shift of the ORF3 reading frame (Fig. S1 C) .
N-glycan glycosylation site analysis of PEDV
According to the predicted results, the total number of potential N-glycan glycosylation sites of 41 strains ranged from 19 to 24. Compared to the vaccine strain CV777 and the virulent strain AH2012, one (positions 297) and three (position 297, 378, and 1258) potential glycosylation sites of Zhejiang08 were missing. As previously established, changes in glycosylation can affect the interaction with receptors and cause a virus to become either more or less recognizable by the host immune cells, thus impacting viral replication and infectivity. We modeled the structure of the S protein of PEDV strains, as well as the spatial position of n-glycosylation sites. The additional n-glycosylation sites were used as the centre of a circle with a radius of 1 nm (Fig. 1 , amino acid area may be covered by n-glycosylation sites, as marked), which almost located on the aa sequence between positions 249 and 529 of the S protein.
Zhejiang08 induced antibody neutralization and active immunity effects in swine
The results of PEDV-neutralizing antibody tests revealed that the antibody neutralizing levels of the Zhejiang08 strain immunized groups increased gradually, beginning at day seven after the first immunization, and still maintaining high levels 120 DPI. The neutralizing antibody titer in serum samples of the group that was immunized with the Zhejiang08 PEDV strain was significantly higher than that of CV777 groups (P < 0.01 or P < 0.05, Fig. 4A ) during the interval from day 42 to day 120. Subsequent to virulent PEDV challenge, diarrhea appeared on day 3 in the PBS pretreatment group, peaking on days 4 and 5 (when 5 piglets had developed diarrhea). Moreover, the CV777 immunized group showed a decreased number of diarrhea piglets, but failed to provide complete protection. However, no obvious clinical symptoms were detected in the Zhejiang08 immunized groups (Fig. 4B) .
Clinical assessment showed that piglets remained active and fleshy prior to inoculation with normal fecal consistency on DPI 1. Two PBS treated piglets displayed mild lethargy and anorexia starting on DPI 2. Then, the next day, half of the pigs in the PBS treatment group and a third of the CV777 treatment group developed watery feces. Lethargy, anorexia, and a progression to watery diarrhea were most severe on DPIs 4 and 5 with a gradual decline thereafter. However, the Zhejiang08 treatment group did not show any clinical symptoms or diarrhea during the entire experiment. Table 1 summarizes the progression of clinical signs throughout the study. PEDV-associated mortality did not occur in this study.
Fecal shedding of PEDV was not detected in rectal swabs of all tested piglets prior to virulent PEDV inoculation. All piglets in the PBS treated group tested positive for PEDV RNA from DPI 3 to 6 with a maximum mean CT value of 15.8 on DPI 5. PEDV RNA was detected in fecal swab samples of four piglets in the CV777 immunized group and was lower than in piglets from the PBS treated group. However, PEDV RNA was sporadically detected and presented extremely low levels of RNA levels in the Zhejian08 treated group (Table S4) . After sacrificing all piglets, small intestine samples from both the PBS and CV777 treatment groups revealed prominent changes, characterized by thinner intestine mucosa with increasing transparency, mucosa swelling, and congesting. Microscopic examinations of the jejunum of diarrhea piglets from the PBS and CV777 treatment groups revealed multifocal to diffuse villous atrophy, swelling, sloughing, attenuation villous, and fusion of numerous villi. Furthermore, such pathological changes were not observed during the examination of Zhejiang08 treatment group samples. A large amount of immunofluorescence-stained PEDV positive cells was detected in the jejunum of diarrhea piglets from both PBS and CV777 treatment groups. PEDV antigens were mainly observed in the cytoplasm of villi epithelial cells (Fig. 4C) . Fig. 3 . Phylogenetic tree of S (nt) (A), S (aa) with corresponding distribution chart of glycosites (B) and COE aa sequence of the S protein (C). Phylogenetic analysis was performed, utilizing the neighbor-joining method and bootstrapping for 1000 replicates with a value >70%, to determine the percentage reliability of each internal node. The sequence of the Zhejiang08 strain was indicated by a red circle. The distribution charts of glycosites were colored according to the potential score of the N-Glyc prediction result, green (+), red (++), and blue (+++) color represent ''Potential > 0.5", ''Potential > 0.5 AND Jury agreement (9/9) OR Potential > 0.75", and ''Potential > 0.75 AND Jury agreement", respectively. Any potential crossing of the default threshold of 0.5 represents a predicted glycosylation site (as long as it occurred within the required sequon Asn-Xaa-Ser/Thr without Proline at Xaa). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Analysis of maturation alteration of DCs treated via CV777 and Zhejiang08 in vitro
As shown in Fig. 5 , immature DCs were either semi-suspended or suspended with a round appearance and dendritic processes (Fig. 5A left) . Immature DCs that had been stimulated with LPS for 24 h typically expressed a DC-like morphology, including a significantly larger cell body and irregular shape (Fig. 5A right) . Flow cytometry analysis revealed that Zhejiang08 uptake by DCs was higher compared to that of the CV777 group (Fig. 5B) . Then, we assessed the phenotypic maturation marker of DCs via flow cytometry. Expressions of CD1a, SWC3a, and CD86 were remarkably upregulated in the Zhejiang08 group compared to both CV777 and control (Fig. 5C ). Mixed leukocyte reaction was used to determine whether the ability of PEDV-treated DCs to stimulate T-cell proliferation had been influenced in vitro. Our study revealed that Zhejiang08-treated DCs had a stronger ability to activate T-cells at a DC/T cell ratio of 1:1 (Fig. 5D ). In addition, our results showed that DCs treated with Zhejiang08 had significant levels of mRNA expression of IL-12 and IFN-c compared to both the CV777 and the control group, while no change could be detected in IL-10 secretion (Fig. 5E ). 
Discussion
The isolation and attenuation of pandemic PEDV strains has been an urgent issue for PEDV control. In this study, we successfully isolated Zhejiang08 after 105 passages in Vero E6 cells and the virus was successfully attenuated through piglet challenge experiments (data not shown). Growth characteristics, including the cytopathic effect, infectious titer, and growth kinetics, indicated that the isolate possessed typical characteristics of PEDV.
Subsequently, we evaluated the immune protective potential of these attenuated strains. In our study, Zhejiang08 elicited stronger specific immunization and production of neutralizing antibodies than the CV777 vaccine. Moreover, Zhejiang08 isolates were capable of protecting piglets against diarrhea and severe disease processes following viral challenge, which also revealed higher immune protection efficiency compared to the CV777 vaccinated group.
The ability of promoting DC function for cellular maturation, induce lymphocyte cell proliferation, pro-inflammatory cytokine secretion, and antigen presentation is necessary to assess the potential of antigen initiation for both innate and adaptive immune responses [22] [23] [24] [25] . We demonstrated that the Zhejiang08 strain was a stronger and more potent inducer of DC maturation and mRNA expression of IL-12 and IFN-c in DCs than CV777. IL-12 plays an important role in the differentiation of naive CD4 + T-cells into IFN-c-producing TH1-type cells. IFN-c helps to direct the immune response and to regulate the immune network, causing an antiviral effect [26] [27] [28] . Furthermore, Zhejiang08 treated DCs also exhibited a stronger stimulating effect on T lymphocyte cells. Finally, it is worth noting that the Zhejiang08 treatment group showed a higher virus load than the CV777 group despite identical MOI, illustrating that the Zhejiang08 virus was easier identified and captured by DCs.
The S protein of PEDV is closely associated with receptor binding and neutralizing antibodies, induced in the natural host [29] . Phylogenetic analysis of all 40 isolates based on S-gene nucleotides and deduced aa indicated that Zhejiang08 isolates clustered with several of the PEDV epidemic strains of recent years and most of attenuated vaccine isolates; however, the neutralizing epitopes in the S protein of the strains were highly homologous compared to all selected isolates. In addition, it is worth noting that the high homology of the COE epitope between Zhejiang08 and most of the prevailing strains isolated since the 2011 PEDV pandemic were clustered into one independent big group, thus revealing Zhejiang08 as a good candidate for vaccination.
As the most important post-translational modification of the PEDV spike protein, the main feature of N-linked glycosylation was the attachment of a high mannose core to the amide nitrogen of asparagine in the context of the conserved Asn-X-Ser/Thr motif [13] . Via comparison and analysis of the NetNGlyc predicted results of the S protein and compared to Zhejiang08, we found that three and one additional glycosylation sites may have formed in the S proteins of AH2012 and CV777, respectively. Our results revealed that glycan has the ability to form a barrier, thus shielding the antigen of a potential virus and neutralizing epitopes, and influencing the identification and immune response of downstream elements [9] . To further analyze the potential influence on the immunogenicity of the S protein by glycosylation sites, we compared the spatial position of n-glycosylation sites via the homology modeling method. However, to our surprise, we found that two extra aa n-glycosylation sites ASN300 and ASN381 completely covered the sequence between positions 249 and 529 of the AH2012 S protein. Furthermore, the site ASN296 in the S protein of CV777 also proved to be partially hidden in this region. A previous study has reported a potential porcine aminopeptidase N (pAPN) binding site in this region of the PEDV S protein [30] [31] [32] . It has been reported that PEDV uses porcine APN as its receptor, consequently enabling the virus to enter into host cells and to recognize immune cells, which is initiated via binding of the S protein to this cellular receptor [33] . Therefore, we suggest that the difference of the immune efficiency between CV777 and Zhejiang08 could partly be attributed to epitope exposure and cell binding, influenced by additional glycosylation sites. Moreover, in AH2012 and other highly virulent viruses that have emerged since 2011, the two additional glycosylation sites were likely acquired by selective pressure, thus providing a more complete shielding to this region, which may be associated with viral escape from the immune system. However, future studies could involve the generation of specific mutants, using reverse genetics to validate our suggestion.
In summary, our study revealed that the cell attenuated PEDV virus Zhejiang08 displayed effective immune protection in piglets, which could be attribute to its strong ability to stimulate DCs and activate T-cell proliferation. The strain is a promising vaccine candidate and can assist in the development of specific and directed vaccine protection strategies against PEDV in pig farms.
